In previous studies, we discussed the use of water as an environmentally benign blowing agent for foaming of polystyrene beads, resulting in so-called WEPS, viz. water expandable polystyrene foam. Several grades of precursors to WEPS have been prepared by varying the water content and the molar mass, to control the melt strength of the polystyrene matrix. Additionally, we have used (endcapped) poly(2,6-dimethyl-1,4-phenylene ether) (PPE) to control both the meltviscosity and the glass transition temperature T g . The advantage of using the blend PS/PPE is that the processing window for foaming is increased in view of the difference between the T g and the boiling point of water. Using the novel WEPS route with some adjustments, for the first time a water expandable homogeneous blend of polystyrene and end-capped PPE was successfully obtained.
Introduction
Polymer foams combine low material costs, high strength-to-weight ratios and a wide range of properties, which are particularly interesting. The cell sizes range from a few microns up to hundreds of microns. The bulk foam densities can be extremely low, down to values less than one-hundredth of the base polymer. The mechanical, thermal, and electrical properties of the bulk foam are dependent on foam density, cell structure, and base polymer properties [1] . Usage of different blowing agents, polymer matrices or process conditions result in different densities, structures, and properties, which define different possible applications for the resulting polymer foam, e.g. packaging, insulating or constructing.
With the ever-growing environmental regulations, the polymer foaming industry already changed the blowing agents from chlorofluorocarbons (CFCs) to volatile organic compounds (VOCs) or mixtures of VOCs and inert gases. At the moment the latter industry has to accept new regulations concerning VOCs because these blowing agents are toxic and contribute to smog formation in the lower atmospheres [2] . To protect workers and to minimize emissions, expensive plant ventilation and gas collection systems are required.
The standard method for manufacturing expandable polystyrene (EPS) beads is a batch-wise free-radical polymerization of styrene in a suspension process. A standard textbook recipe of a free-radical polymerization in a suspension process starts by dispersing the liquid monomer styrene in a continuous aqueous phase, stabilized by stirring and a suspension stabilizer [3] . The mixture is heated to a suitable polymerization temperature. After a conversion of about 65-70% the blowing agent, a volatile organic compound (VOC), is added to the vessel (approximately 5-8 wt.%). After 100% conversion the obtained spherical polystyrene beads are immediately commercially applicable.
In case of WEPS, with only water as a blowing agent, the EPS process has to be changed, since water is immiscible with polystyrene in contrast with VOCs e.g. pentane. Crevecoeur [4] developed a bulk polymerization step prior to the freeradical polymerization in a suspension process. In this step a physical surfactant is added to disperse the blowing agent water in styrene (yielding a w/o emulsion). After pre-polymerization, the viscosity is sufficient to fixate the emulsified blowing agent. If the viscosity is insufficient the system will transfer to a single emulsion instead of the desired inverse emulsion in suspension (w/o/w system).
The applicability of polystyrene foam is restricted to a temperature of maximum 90 o C, since the glass transition temperature (T g ) of polystyrene is 100 o C. The addition of end-capped poly(2,6-dimethyl-1,4-phenylene ether) (PPE) to the styrene prior to the polymerization yields a homogeneous blend of polystyrene and PPE [5] with an increased T g dependent on the PPE content up to approximately 130 o C, corresponding to 30 wt.% of PPE in the mixture. This results in a higher possible temperature of use for the foam, resulting in more applications in comparison to EPS. An additional advantage of PPE is the increased viscosity of the reaction mixture, which results in a shorter pre-polymerization step in the WEPS procedure. Upon foaming, the increased T g is expected to result in an increased processing window due to the current difference between the T g of the PS/PPE matrix and the boiling point of the blowing agent water.
Results and discussion
Several grades of WEPS have been synthesized by varying the water content and molar mass of the polymer matrix. A new challenge is to apply water as the blowing agent for the blend of polystyrene (PS) and end-capped poly(2,6-dimethyl-1,4-phenylene ether) (PPE).
WEPS: Formulation R
Three WEPS-grades with different amounts of water (blowing agent), but with comparable molar mass, droplet size and droplet dispersion (R1, R2 and R3) have been prepared. This is experimentally achieved by adding NaCl to the emulsified water. NaCl induces an osmotic effect from the suspension water to the emulsified water, resulting in overall higher water content with increasing NaCl concentration. This is found to be partly true, as listed in Table 1 (R1, R2 versus R3). The water droplet dispersion changes for the three samples R1, R2 and R3 as is visualized in Figure 1 . From these observations, we can conclude that the concentration of NaCl shows an optimum concerning the amount of blowing agent and shows an optimum in the droplet size and dispersion. In this study R3 shows an undesirable droplet size and dispersion, since the droplets are extremely inhomogeneous in size and in dispersion.
Tab. 1. The incorporated water content, the weight average molar mass (M w ) and the molar mass distribution (M w /M n ) of WEPS-grades after Formulation R. Grades with different molar mass are prepared to investigate the influence of the melt strength of the polymer matrix on the expansion behavior. As is well known, a decrease in initiator concentration results in an increase of the molar mass (grade R4) and the use of a chain transfer agent DMP results in a decrease of the molar mass (grade R5), where the molar mass is proportional to the melt strength. Figure 2 shows SEM micrographs of both grades.
R-grade
From this study we can conclude that, taking into account the reproducibility, the suspension stability and the water droplet size and dispersion, the obtained WEPS grades R1 to R5 are promising for obtaining compact WEPS beads on an industrial scale. Grade R4 is expected to have higher melt strength, whereas grade R5 is expected to have slightly lower melt strength. A better way of achieving higher melt strength and reducing the pre-polymerization step is by adding melt strength 'thickener' prior to the pre-polymerization. In the subsequent section end-capped PPE is used for this reason. 
WE(PS/PPE): Formulation P
For WEPS we changed the melt strength of the polymer matrix by decreasing the initiator concentration and the addition of a chain transfer agent. Another possibility to increase the melt strength of the polymer matrix (and so fixating the water droplets) is the addition of end-capped PPE, which resulted in the P-grade. PPE is a suitable polymer for styrene for three reasons: a) PPE can be dissolved homogeneously in styrene at ambient temperatures. b) After polymerization of styrene a miscible PS/PPE blend, for all compositions, is obtained [8, 9] . It has to be noted that it is an absolute necessity to use end-capped PPE since the xylenol endgroup of PPE possesses the ability to inhibit the radical polymerization (act as a radical scavenger). c) PPE possesses the possibility to act as a melt strength 'thickener' and therefore the pre-polymerization step (conversion of styrene) can be reduced substantially. As stated before, the pre-polymerization time was reciprocally reduced with the PPE concentration and is given in Table 4 .
From the grades obtained by Formulation R, grade R2 shows the best droplet dispersion ( Figure 1 ) and is therefore used as a starting recipe for Formulation P.
The main difference between the formulation for grade R2 and Formulation P in general is the addition of PPE to styrene prior to the pre-polymerization. The viscosity of the PS/PPE blends for the various PPE concentrations are given in Table 2 . For the first time, we were able to prepare WE(PS/PPE) beads successfully with different amounts of PPE. The amount of incorporated water and the glass transition temperature T g of the polymer matrix are given in Table 3 . In Figure 3 , the water droplet size and dispersion are shown for the obtained WE(PS/PPE) beads.
Tab. 3.
The water content and the glass transition temperature of compact WE(PS/PPE) beads, after Formulation P. 
Fig. 3. SEM micrograph of compact WE(PS/PPE) beads: P1, P2, P3, P4.
The amount of blowing agent in the final beads (incorporated water) is, at least for P1, P2 and P3, higher than the amount of emulsified water during the prepolymerization and is higher than in the case of WEPS. This effect is a result of the hydrophilic character of PPE. Striking is the inverse relation between PPE content and the incorporated water content, which is expected to be a result of the ternary system, PS/PPE/water. Further research of the latter observation is in progress.
Conclusions
We successfully prepared a new generation of WEPS beads, obtaining a new class of foams, by optimizing the polymerization conditions in the reactor set up. In forthcoming papers the foaming characteristics will be discussed.
The NaCl concentration used in the emulsified blowing agent influences the final water content and the droplet dispersion in the final compact beads. An optimum in the water content has been observed by increasing the NaCl concentration for the three investigated samples (R1, R2 and R3), where the sample with the highest NaCl concentration R3 showed an undesirable droplet size and distribution. To investigate the influence of melt strength of the polymer matrix on the expansion behavior, grades with different molar mass were prepared. Besides changing the molar mass to influence the melt strength, addition of a melt strength 'thickener', viz. end-capped PPE, was applied. This addition of end-capped PPE increased the glass transition temperature T g of the polymer matrix depending on the PPE concentration. The increased T g is expected to result in an increased processing window for foaming of the compact WE(PS/PPE) beads since a difference is induced between the T g of the polymer matrix and the boiling point of the blowing agent water.
We were able to prepare, for the first time, water expandable PS/PPE blends successfully. With this last result we also demonstrated the potential of the WEPS procedure to obtain other commercially interesting polystyrene foams.
Experimental

Materials
Styrene monomer was used without distillation from the inhibitor tert-butylcatechol (11-17 ppm) and was supplied by Caldic. Radical initiators tert-butyl-2-ethylhexylperoxicarbonate (t-BEHC) with t 1/2 =110 minutes at 120 o C, dibenzoylperoxide (DBPO, active content 75%, water 25%) with t 1/2 =75 minutes at 90 o C, an optimized cocktail of industrially available surfactants [6] (referred to as SURFs in this paper), the chain transfer agent 2,4-diphenyl-4-methyl-1-pentene (DMP) and the standard suspension stabilizer were supplied by NOVA Chemicals, Breda, The Netherlands and were used as received. End-capped PPE was supplied by GE Plastics, Bergen op Zoom, PPE-800.
Polymerization recipes
Two main formulations were developed for the preparation of WEPS beads. For both formulations, SURFs had been used to stabilize the dispersed water in styrene during the pre-polymerization. The overall polymerization setup consists of a 5 litre pre-polymerization reactor and a 10 liter suspension polymerization reactor, see Figure 4 . The used ratio of reaction mixture/suspension medium was 1. In practice we used overall 4 litres organic phase (styrene including PPE in case of Formulation P) and 4 litres water.
The first formulation (R) represents the standard recipe for WEPS. The second one, Formulation P is equal to Formulation R but prior to the pre-polymerization step, PPE is dissolved homogeneously in the styrene monomer. Weight percentages on total matrix (PS/PPE) basis (wt.% M), on styrene basis (wt.% S) and on water basis (wt.% W) are used.
In case of Formulation R the surfactant (SURFs, 0.5wt.% M), the initiator (DBPO, 0.22wt.% S) and the blowing agent water (2.0wt.% M, containing sodium chloride), were added to styrene and the mixture was heated to 90 o C and polymerized in bulk for 165 minutes while stirring at 400 rpm (online determination of the conversion/viscosity was not possible due to the reactor setup). Subsequently, the viscous reaction mixture was suspended in water in the suspension vessel. The suspension stabilizer was dissolved in the suspension water and an extra amount of initiator (t-BEHC and DBPO) was added to obtain full conversion. When applicable, DMP was added to the suspension vessel. The polymerization was continued for 120 minutes at 93 o C while stirring at 500-600 rpm. Hereafter, the temperature was slowly increased to 120 o C and the polymerization was continued for another 60 minutes. Finally, the mixture was cooled to room temperature and the spherical beads were separated and washed with water. The exact formulations are summarized in Table  4 . Tab. 4. The compounds for the pre-and suspension polymerization formulations in parts by weight for Formulation R and P, including the pre-polymerization time. Formulation P is equal to Formulation R, but prior to the emulsification of water (2.0wt.% M), PPE was dissolved homogeneously in styrene. Furthermore, the prepolymerization time was reciprocally reduced with the PPE concentration. Four grades were synthesized using the PPE; the exact formulations are given in Table 4 .
Characterization techniques
The glass transition temperature T g of PS/PPE samples was determined using a Perkin Elmer DSC Pyris 1. The heating rate was 20 K/min and for each sample two heating runs from 50 to 240 o C were recorded. Indium was used for temperature and heat of fusion calibration.
Gel permeation chromatography was used to determine the number average molar mass (M n , the weight average molar mass (M w ), and the molar mass distribution (M w /M n ) of the PS. The samples have been measured on a Waters modular GPC system consisting of a pump M510, auto sampler 717, detector 996 (UV at 254 nm), detector 410 (refractometer) and Polymer Labs Columns. Temperature of column and detector were kept at 40 o C. Eluent was THF (p.a., stabilized) at 0.8 ml/minute with an injection volume of 50ml and a sample concentration of 2 mg/ml. The columns have been calibrated with Toyo Soda polystyrene standards in the range of M w = 3.84 10 6 -946.
In order to determine the water content of the WEPS beads, the weight loss of a sieve fraction of 1.7 -2.0 mm beads was measured using Perkin Elmer TGA6 under a nitrogen flow of 20 ml/min. The temperature program started at 30 o C at a heating rate of 40 K/min to 140 o C followed by an isothermal period of 60 min.
Viscosity measurements of the pre-polymerization mixture styrene/PPE were performed at ambient temperature (22 o C) using a Rheometric Scientific RFS-II rheometer with a parallel plate sample cell.
SEM was performed on all samples using a SEM hivac at 2kV to visualize the water droplet size and dispersion. Compact beads have been microtomed to obtain smooth surfaces and subsequently coated with 15nm chrome.
